Abstract-A method of feedback control of local brain temperature during therapeutic intracarotid cold saline infusion is presented and tested on a theoretical cerebral heat transfer model based on the Pennes bioheat equation. In this temperature control method, the infusion rate of cold saline is varied based on the rate of temperature change, and the deviation of temperature to a target, within a voxel in the treated region of brain. This control method is tested in cases where the head is exposed to ambient room temperature, and where the head is packed in ice. In both the ice and non-ice cases, target temperature (33 ºC) is achieved in the voxel according to the desired time constant (2 minutes). Two hours of treatment decreased the required inflow of ice-cold saline from 30 ml/min to 21 and 7 ml/min in the non-ice and ice cases, respectively. Intracarotid hematocrit had higher values in the non-ice case.
I. INTRODUCTION
herapy for ischemic stroke remains a major challenge in medicine. Hypothermia is an encouraging treatment. It has already proven beneficial in treating global ischemia resulting from cardiac arrest [1] . Further, it has demonstrated positive results in treating focal ischemia resulting from stroke in animal studies [2] and small clinical series [3] .
Current methods of inducing hypothermia include surface cooling methods [4] and inferior vena cava closed-loop catheters [5] . Surface cooling can exceed 6 hours to achieve target temperature and even inferior vena cava catheters, which have been developed to cool quickly, require, on average, 1-3 hours to achieve therapeutic temperatures. These cooling times can cause patients to miss the time limit by which any therapy can be effective. The other problem with systemic cooling is side effects such as arrhythmia, infections, and coagulopathies [3] . Selective brain cooling techniques have been attempted in the form of cooling caps and ice packs. However, these techniques have largely failed [6, 7] . Recent theoretical developments have also demonstrated that surface selective brain cooling is ill conceived because brain is highly perfused by warm blood, which severely limits the conductive penetration of surface cooling [8] .
Recently, a method of brain cooling has been proposed which utilizes an intracarotid cold saline infusion (ICSI) [9] . It was theoretically determined that an infusion rate of 30 ml/min could be utilized to achieve therapeutic temperature levels of 32-33 ºC. The drawback of this method is the length of time hypothermia could be maintained due to safety concerns. One such concern is the increasing local and systemic hemodilution that results from a constant infusion of 1800 ml/hr of isotonic saline.
One effect of brain cooling is an exponential decrease of cerebral perfusion due to coupling of metabolism, and perfusion in the brain [10] . There is thus a possibility that if brain cooling were to be attempted with a combination of ICSI and head surface cooling, cerebral perfusion in the brain would be decreased enough in the head so that penetration depths of the surface cooling would be increased, and surface cooling could effectively contribute to the entire cooling effect in the brain.
One way to test the effectiveness of surface cooling would be to clamp temperature at a certain level, and vary flow rate to maintain this temperature. If surface cooling were effective, a lower saline flow rate would be necessary to maintain target temperature than if there was no surface cooling.
In any case, if ICSI therapy is to be implemented clinically, it will be necessary to utilize control methods to maintain brain temperature at a target temperature over the length of the therapy period.
In the present study, a method of controlling brain temperature during ICSI is presented. It is then theoretically tested on the brain cooling method both in cases where ice packs applied to the head and in cases where the head is exposed in ambient room temperature. This study addresses 1) whether the control algorithm can guide saline infusion to quickly achieve target temperature and maintain it in a stable fashion, 2) whether surface cooling is more effective in the presence of endovascular cooling, 3) the degree to which hematocrit levels can be maintained within safe levels given longer infusion times than previously attempted.
II. METHODS

A. Brain Model
A 3D hemispheric head model was developed in spherical coordinates. This model consists of four tissue layers: white matter, gray matter, skin, and bone (Fig. 1) . For every coordinate within the head model, there is an associated variable temperature T, metabolism q, and perfusion ω.
Constant biothermal parameters corresponding to each coordinate are density ρ, specific heat c, and thermal conductivity k.
In the brain tissues, metabolism and perfusion are related to temperature by coupling. In the skull and scalp these two parameters are constant. Below 28 ºC, flow is no longer coupled to temperature [11] , so the equation becomes
Temperature in the model evolves according to the Pennes bioheat equation:
[12] where x v is the spatial coordinate and T artery is the temperature of the blood that perfuses the tissue at that point.
At the surface of the head model, at the interface between scalp and air, heat transfer is described by the following boundary condition: (4) have been previously described [9] .
B. Saline Infusion
Saline is infused through the ipsilateral internal carotid artery (ICA). There, it mixes with the inflowing blood, forming a perfusate with temperature: Inflowing blood through the other source vessels (contralateral ICA and basilar artery) has blood with systemic hematocrit and core body temperature. Perfusate from the ipsilateral ICA is then redistributed through the circle of Willis (Fig. 1) where it mixes with this other blood according to a linear model based on Kirchoff's circuit laws. This model is described more fully in another study [13] . where V RBC is the red blood cell volume, V IV0 is the initial intravascular volume, ΔV IV is the volume of added saline. 
C. Control of Saline Infusion
The control procedure involved attempting to force the temperature to follow an exponential profile. This approach was based on the fact that the temperature profiles with a constant flow infusion have an approximately exponential profile, although a true steady state is never reached [9, 13] . However, after a certain time point, temperature changes are more slowly varying. In any case the goal of this temperature control procedure is to 1) control the flow during the initial stages of infusion to achieve target temperature within a desired time period, and 2) maintain target temperature after it is achieved.
Temperature is monitored in a 4.7 ml voxel located in the middle of the ipsilateral anterior territory (45º from the base of the brain in the azimuth direction and 45º in the anterior direction from the anterior-posterior midline) and containing T saline_in is the saline temperature infused at the beginning of the catheter, T saline is the outflow saline (as in Eq. 8), l is the length of the catheter, and h is the heat transfer coefficient between the catheter and body.
Of these two parameters, it is far more practical to modify infusate flow, F saline , during an ICSI procedure. However, the resultant temperature T voxel , would be difficult to predict a priori. However, it is clear from previous studies [9, 13] and theoretical considerations (i.e. Eqs. 4, 8, and 13) that increasing F saline should decrease dt dT voxel and vice versa.
Further, although the exact relationship between ΔF saline and dt dT voxel is unknown, it must be monotonic. Therefore, F saline can be modified according to:
In our simulations, τ desired =120 s and k=200 ml/(min·ºC). Target temperature is 33 ºC, saline inflow temperature is 0 ºC, and initial flow rate is 50 ml/min. Simulations with and without the head packed in ice (see Eq. 4). A diagram of the control model is shown in Fig. 2 .
III. RESULTS
Temperatures from the simulations are shown in Fig. 3 . Voxel temperature decreased according to the desired time constant for both the case with the head packed in ice and where the head was not packed in ice (voxel temperature did not vary between these two cases). Mean ipsilateral anterior temperatures (IAT), average temperatures of the perfusion region of the ipsilateral middle and anterior cerebral arteries which has the highest perfusion from the ICA (Fig. 1 ) are also shown in Fig. 2 . For the non-ice case mean IAT reached a steady state temperature of approximately 33.5 ºC whereas the steady state temperature for the ice case was approximately 32 ºC. The ice case reached a lower mean IAT because of lower gray matter temperatures in the periphery of gray matter where the minimum temperature fell to 21.1 ºC. The minimum gray matter temperature for the non-ice case was 32.8 ºC. The mean IAT was slightly higher because of higher temperatures at boundaries between perfusion territories. Body temperature decreased over the course of the 2 hour simulations both for the ice (~3 ºC/min) and non ice case (~1.5 ºC/min). Fig. 3 . Voxel, core body, and mean ipsilateral anterior temperatures in intracarotid saline infusions where infusion flow rate was controlled to maintain voxel temperature at 33 ºC for cases where head was and was not packed in ice. MIAT -mean ipsilateral anterior temperature. Fig. 4 shows the evolution of infusion flow rates over the course of the ice and non-ice simulations. Initial flow rate was actually 50 ml/min, but for both cases this fell, within 1 minute, to approximately 30 ml/min. After rising very slightly, in order to maintain the intensive desired time constant of the temperature drop, flow continuously decreases because of the body temperature drop. For the non-ice case, about 21 ml/min of infusion were necessary to maintain the voxel temperature at 33 ºC whereas in the ice case, only 7 ml/min were necessary. 5 shows local (see Eq. 9) and systemic hematocrit (from Eq. 10). These results show that even after two hours, hematocrit stays in a very safe range above 30%. For the ice case, local hematocrit remains above 34% and even begins to increase at the end as the infusion flow rate decreases substantially. 
IV. CONCLUSIONS
This study demonstrates a method of controlling brain temperature in a theoretical model of brain cooling by varying the infusion rate through a feedback mechanism. This method was able to both control the cooling rate and maintain brain temperature at the target level.
This study also demonstrated that the required infusion rate to maintain temperature at the desired level decreased over the course of the treatment period due to decreased core body temperature. In the case where the head is packed in ice, much less saline infusion was necessary to maintain the brain at the desired temperature. The disadvantage of using ice was lower systemic temperatures and very low gray matter temperatures in the periphery.
In both cases hematocrit (both systemic and local) always remained above 30% over the course of a 2 hour infusion. However, the transient profiles of hematocrit suggest that over longer treatment times the local hematocrit of the nonice case may fall to the low 20s or even below and compromise patient safety.
